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1
SYSTEMS AND METHODS FOR
COMPRESSIVE SENSE IMAGING

CROSS-REFERENCE

The present application references subject matter of the
following U.S. applications, each of which is incorporated by
reference herein in its entirety: U.S. application Ser. No.
13/658,904 filed on Oct. 24, 2012 and entitled “Resolution
and Focus Enhancement™; U.S. application Ser. No. 13/658,
900 filed on Oct. 24, 2012 and entitled “Lensless Compres-
sive Image Acquisition”; U.S. application Ser. No. 13/367,
413 filed on Feb. 7, 2012 and entitled “Lensless Compressive
Image Acquisition”; and, U.S. application Ser. No. 12/894,
855 filed on Sep. 30, 2010 and entitled “Apparatus and
Method for Generating Compressive Measurements of Video
Using Spatial and Temporal Integration”, which issued as
U.S. Pat. No. 8,644,376 on Feb. 4, 2014.

TECHNICAL FIELD

The present disclosure is directed to systems and methods
for compressive sense image processing.

BACKGROUND

This section introduces aspects that may be helpful in
facilitating a better understanding of the systems and methods
disclosed herein. Accordingly, the statements of this section
are to be read in this light and are not to be understood or
interpreted as admissions about what is or is not in the prior
art.

Digital image/video cameras acquire and process a signifi-
cant amount of raw data. In order to store or transmit image
data efficiently, the raw pixel data for each of the N pixels of
an N-pixel image is first captured and then typically com-
pressed using a suitable compression algorithm for storage
and/or transmission. Although compression after capturing
the raw data for each of the N pixels of the image is generally
useful for reducing the size of the image (or video) captured
by the camera, it requires significant computational resources
and time. In addition, compression of the raw pixel data does
not always meaningfully reduce the size of the captured
images.

A more recent approach, known as compressive sense
imaging, acquires compressed image (or video) data using
random projections without first collecting the raw data for all
of'the N pixels of an N-pixel image. For example, a compres-
sive measurement basis is applied to obtain a series of com-
pressive measurements which represent the encoded (i.e.,
compressed) image. Since a reduced number of compressive
measurements are acquired in comparison to the raw data for
each of the N pixel values of a desired N-pixel image, this
approach can significantly eliminate or reduce the need for
applying compression after the raw data is captured.

BRIEF SUMMARY

Systems and methods for compressive sense imaging are
provided. In one aspect, a system and method includes deter-
mining at least one kernel matrix based on relative motion of
an object during a time period corresponding to acquisition of
at least one of a plurality of compressive measurements rep-
resenting a compressed image of the object; determining a
reconstruction basis matrix to compensate for the relative
motion of the object during the time period based on the at
least one kernel matrix; and, generating an uncompressed
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image of the object from the plurality of compressive mea-
surements using the reconstruction basis matrix.

In some aspects, the reconstruction basis matrix is deter-
mined by applying the at least one kernel matrix to at least one
basis of a compressive basis matrix used to acquire the com-
pressive measurements.

In some aspects, the at least one kernel matrix is deter-
mined such that a matrix operation between the at least one
kernel matrix and a one-dimensional representation of the
uncompressed image represents shifting the position of the
object in the one-dimensional representation of the uncom-
pressed image to a previous position of the object based on the
relative motion of the object.

In some aspects, motion data from one or more sensors is
used to determing the relative motion of the object during the
time period.

In some aspects, a degree of the relative motion of the
objectis determined for the time period using the motion data.

In some aspects, the determined degree of relative motion
of'the object is used to determine at least one kernel matrix.

In some aspects, a sparsifying operator is used for gener-
ating the image of the object from the plurality of compres-
sive measurements using the reconstruction basis matrix.

In some aspects, compressive measurements are acquired
using a compressive basis matrix during the time period.

In some aspects, an aggregated sum of light output by a
detector is determined to acquire at least one of the compres-
sive measurements. In some aspects, the aggregated sum of
light is determined by selective enabling or disabling one or
more aperture elements of an aperture array based on at least
one basis in the compressive basis matrix during the time
period.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates an example of a compressive sense imag-
ing system in accordance with various aspects of the disclo-
sure.

FIG. 2 illustrates an example of a camera unit for acquiring
compressive measurements of an object using a compressive
basis matrix in accordance with one aspect of the disclosure.

FIG. 3 illustrates an example process for reconstructing an
image of the object from the compressive measurements
using a reconstruction basis matrix in accordance with vari-
ous aspects of the disclosure.

FIG. 4 illustrates an example apparatus for implementing
various aspects of the disclosure.

DETAILED DESCRIPTION

Various aspects of the disclosure are described below with
reference to the accompanying drawings, in which like
numerals refer to like elements in the description of the fig-
ures. The description and drawings merely illustrate the prin-
ciples of the disclosure; various structures, systems and
devices are described and depicted in the drawings for pur-
poses of explanation only and so as not to obscure the present
invention with details that are well known to those skilled in
the art, who will be able to devise various arrangements that,
although not explicitly described or shown herein, embody
the principles and are included within spirit and scope of the
disclosure.

As used herein, the term, “or” refers to a non-exclusive or,
unless otherwise indicated (e.g., “or else” or “or in the alter-
native”). Furthermore, words used to describe a relationship
between elements should be broadly construed to include a
direct relationship or the presence of intervening elements
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unless otherwise indicated. For example, when an element is
referred to as being “connected” or “coupled” to another
element, the element may be directly connected or coupled to
the other element or intervening elements may be present. In
contrast, when an element is referred to as being “directly
connected” or “directly coupled” to another element, there
are no intervening elements present. Similarly, words such as
“between”, “adjacent”, and the like should be interpreted in a
like fashion.

The singular forms “a”, “an”, and “the” are intended to
include the plural forms as well, unless the context clearly
indicates otherwise. It will be further understood that the
terms “comprises”, “comprising,”’, “includes” and “includ-
ing”, when used herein, specify the presence of stated fea-
tures, integers, steps, operations, elements, and/or compo-
nents, but do not preclude the presence or addition of one or
more other features, integers, steps, operations, elements,
components, and/or groups thereof.

FIG. 1 illustrates a schematic example of a compressive
imaging acquisition and reconstruction system 100 (“system
100) in accordance with an aspect of the present disclosure.
Incident light 105 reflecting from an object 110 is received by
the camera unit 115, which uses a predetermined compressive
measurement basis matrix (referenced hereinafter as “com-
pressive basis matrix™) 120, also sometimes referenced as a
sensing or measurement matrix, to generate compressive
measurements 125 representing the compressed image of the
object 110. The compressive measurements 125 representing
compressed image of the object 110 may be stored (or trans-
mitted) by a storage/transmission unit 130.

The reconstruction unit 135 generates an uncompressed
image 140 (e.g., for display on a display unit) of the object
110 from the compressive measurements 125. One feature of
the present disclosure is that the reconstructed or uncom-
pressed image 140 is generated from the compressive mea-
surements 125 while taking into account motion data that
represents the motion of the object 110 relative to the camera
unit 115. In one aspect, the reconstructed image 140 is gen-
erated using a reconstruction basis matrix 150 that is different
from the compressive basis matrix 120 that is used to generate
the compressive measurements 125. Another feature of the
present disclosure is that the reconstruction basis matrix 150
is determined (e.g., generated or updated) based on motion
data 155 that represents motion of the object 110 relative to
the camera unit 115. These and other aspects of the present
disclosure are described in detail further below.

Although the units are shown separately in FIG. 1, this is
merely to aid understanding of the disclosure. In other aspects
the functionality of any or all of the units described above may
be implemented using fewer or greater number of units. Fur-
thermore, the functionality attributed to the various units may
be implemented in a single processing device or distributed
amongst multiple processing devices. Some examples of suit-
able processing devices include cameras, camera systems,
mobile phones, personal computer systems, tablets, set-top
boxes, smart phones or any type of computing device config-
ured to acquire, process, or display image data.

In one embodiment, a single processing device may be
configured to provide the functionality of each of the units of
system 100. The single processing device may include, for
example, a memory storing one or more instructions, and a
processor for executing the one or more instructions, which,
upon execution, may configure the processor to provide func-
tionality ascribed to the units. The single processing device
may include other components typically found in computing
devices, such as one or more input/output components for
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inputting or outputting information to/from the processing
device, including a camera, a display, a keyboard, a mouse,
network adapter, etc.

In another embodiment, a local processing device may be
provided at a first location that is communicatively intercon-
nected with a remote processing device at a remote location
via network. The local processing device may be configured
with the functionality to generate and provide the compres-
sive measurements 125 of the local object 110 to a remote
processing device over the network. The remote processing
device, in turn, may be configured to receive the compressive
measurements from the local processing device, to generate
the reconstructed image 140 from the compressive measure-
ments 125 using the reconstruction basis matrix 150, and to
display the reconstructed image to a remote user in accor-
dance with the aspects described below. The local processing
device and the remote processing device may be respectively
implemented using an apparatus similar to the single process-
ing device, and may include a memory storing one or more
instructions, a processor for executing the one or more
instructions, and various input/output components as in the
case of the single processing device. The network may be an
intranet, the Internet, or any type or combination of one or
more wired or wireless networks.

Prior to describing exemplary aspects for the reconstruc-
tion of the uncompressed image 140 from the compressive
measurements 125, an example embodiment of a camera unit
115 suitable for compressive sense imaging is first described
below. Although a particular embodiment of the camera unit
115 is described, this is not to be construed as a limitation, and
the principles of the disclosure may be applied to other
embodiments of compressive sense image acquisition sys-
tems.

FIG. 2 illustrates an example of a camera unit 115 for
acquiring compressive measurements 125 representing the
compressed image of the object 110 using compressive sense
imaging. Incident light 105 reflected off the object 110 is
received (e.g., via an optical lens or without) at the camera
unit 115 where the light 105 is selectively permitted to pass
through an aperture array 220 of N individual aperture ele-
ments and strike a photon detector 230.

The camera unit 115 processes the output of the photon
detector 230 in conjunction with the predetermined compres-
sive basis matrix 120 to produce M compressive measure-
ments 125 using compressive sense imaging. As will be
understood by one or ordinary skill in the art, the M compres-
sive measurements 125 collectively represent the compressed
image of the object 110. More particularly, in compressive
sense imaging, the number M of the compressive measure-
ments that are acquired is typically significantly less than the
N raw data values that are acquired in a conventional camera
system having an N-pixel sensor for generating an N-pixel
image, thus reducing or eliminating the need for further com-
pression of the raw data values after acquisition.

In practice, the number of compressive measurements M
may be pre-selected relative to the N aperture elements of the
array 220 based upon the pre-determined (e.g., desired) bal-
ance between the level of compression and the quality of the
N-pixel image 140 that is reconstructed using the M compres-
sive measurements.

The example array 220 illustrated in FIG. 2 is a two dimen-
sional, 8x8 array of sixty-four (N=64) discrete aperture ele-
ments, which are arranged in two dimensional row and col-
umn format such that individual elements of the array 220
may be uniquely identified using a tabular notation form
“[row, column]”. Thus, the first element in the first row of
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array 220 is exemplarily referenced as 220[1,1], and the last
element in the last row of the array 220 is referenced as
220[8,8].

In practice, the size and format of the array 220 may have
a significantly greater (or fewer) number of elements,
depending on the desired resolution of the image 140. By way
of example only, the array 220 may be a 640x480 (N=307,
200) element array for a desired image resolution of 640x480
pixels for the image 140, or may be a 1920x1080 (N=2,073,
600) element array for a correspondingly greater desired
resolution of the image 140.

Each of the sixty-four aperture elements 220[1,1] to 220
[8,8] of the array 220 illustrated in FIG. 2 may be selectively
and individually opened or closed (or partially opened or
partially closed) to respectively allow or block portions of the
light 105 from passing through those elements and reaching
the photon detector 230. Aperture elements that are fully or
partially opened (e.g., enabled or activated) allow a portion of
the light 105 to pass through the array 220 and reach the
photon detector 230 via the opened elements, whereas aper-
ture elements that are fully or partially closed (e.g., disabled
or deactivated) prevent or block portions of the light 105 from
passing via the closed elements of the array 220 and reaching
the photon detector 230. In one aspect, for example, the
aperture array 220 may be implemented as a micro-mirror
array of N individually selectable micro-mirrors. In another
embodiment, the aperture array 120 may be implemented as
an LCD array.

Operationally, the camera unit 115 is configured to selec-
tively enable or disable (e.g., partially or fully) one or more of
the N aperture elements of the array 220 in accordance with
compressive basis information of the compressive basis
matrix 120 and to determine the number M of compressive
measurementsY |, Y, ...Y,, As noted previously, in order to
achieve compression, the number M of the compressive mea-
surements Y,,Y,, . ..Y,,is fewer than the number N aperture
elements of the array 220.

Each of the compressive measurements Y, (k€ [1 ... M])
may be understood as the detected sum (or aggregate) of the
light 105 reaching the detector 230 through the array 220
during a respective measurement time t, when particular ones
of the N aperture elements of the array 220 are selectively
opened (or enabled) and closed (or disabled) in accordance
with the corresponding basis b, (k € [1 ... N]) in the com-
pressive basis matrix 120. The compressive measurements
Y,.Y,,...Y,, may thus be generated during respective times
1, b, . ..t using respective ones of the compressive bases b,
b,, . . . by, of the compressive basis matrix 120.

The compressive basis matrix 120 is the set of M compres-
sive bases b, b,, ... b,,, each of which is respectively applied
to the array 220 to produce the corresponding ones of the
compressive measurementsY |, Y5, ... Y,,. Furthermore, each
measurement basis by, b,, . . . b,, in the compressive basis
matrix 120 is itself an array of N values corresponding to the
number N of aperture elements of the array 220.

For example, for the embodiment illustrated in FI1G. 2, each
compressive basis b, (kE[1 ... M]) of the compressive basis
matrix 120 is a set of values b, [1] to b, [64] where each value
may be “0” or “1”, or a real value between “0” and “1”, which
corresponds to and determines the state (e.g., fully closed,
fully opened, or a state in-between) of a respective aperture
element in the 8x8 aperture array 220. Accordingly, b, [1]
may positionally correspond to and determine the state (e.g.,
opened or closed) of the first element 220[1,1] of the array
220 while b, [64] may positionally correspond to and deter-
mine the state of the last element 220[8,8] of the array 220.
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A given compressive basis by, is used to produce a corre-
sponding compressive measurement Y, for a time t, as fol-
lows. The respective values b, [1] to b, [64] are used to set the
state (fully opened, fully closed or partially opened or closed)
of the corresponding elements of array 220 in FIG. 2 to
acquire the compressive measurement Y, corresponding to
time t,.

In this regard, a binary value “1” in the basis b,, may
indicate fully opening (or enabling) the corresponding ele-
ment in the array 220, whereas the value of “0” in the basis by,
may indicate fully closing (or disabling) the corresponding
element in the array 220 (or vice versa). As noted before, a
real value between “0” and “1” in the basis b,, may also
indicate partially opening or closing the corresponding ele-
ment, where only a portion of the light is allowed to pass
through that corresponding element while another portion is
the light is prevented from passing through the corresponding
element. The sum or aggregate of the light reaching the detec-
tor 230 via the array 220 may be detected as the determined
value of the compressive measurement Y, corresponding to
the time t,.

The compressive basis matrix 120 may be determined
using any desired compressive scheme. For example, in one
aspect, at least one, or each, measurement basis b,
(k€[1...M]) of the compressive basis matrix 120 may be
constructed as a randomly (or pseudo-randomly) permutated
Walsh-Hadamard matrix. In other aspects, other types of
compression schemes/matrices may be used as will be under-
stood by those of ordinary skill in the art. For example, in
another embodiment at least one, or each, measurement basis
b, (k €[1 ... M]) may be constructed as randomly or
pseudo-randomly generated real number between 0 and 1.
Furthermore, it will be understood that the values of the
measurement basis may be binary values, numeric values,
text values, or other types of values, which are used for
partially or fully enabling or disabling corresponding ele-
ments of the array 120.

Mathematically, the relationship representing the applica-
tion of each of the individual bases b,, b, bs. . . b, (or rows)
of the compressive basis matrix 120 to the N aperture ele-
ments X, , X,, X5. . . X5, 0f the aperture array 120 to generate the
M compressive measurements Y, Y,, Y;. . . Y,, may be
expressed as:

Y b1l b(2] biINT Y [ 2
Y2 b1l ba2] 0[N | | x2
Y3 |=| b3[l] bs[2] b3[N] || x3
Yu by (1] byl2] by [N1] Lxn

where, as noted previously, M<N to achieve compression.

Having described an example operation of acquiring the
compressive measurements 125 in detail, various aspects of
the operation of the reconstruction unit 135 will be described
next in conjunction with the process 300 illustrated in FIG. 3.
It is assumed for the purposes of the discussion below that the
compressive measurements 125 include the number M of
compressive measurements Y,, Y, ... Y, that are generated,
for example, for respective times t,, t,, . . . t,  using respective
ones of the compressive bases b, b,, . . . b,, of a predeter-
mined compressive basis matrix array 120 as described
above. The reconstruction unit 135 generates (or recon-
structs) a N-pixel image 140 (e.g., for display on a display
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unit) of the object 110 from the M number of compressive
measurements Y,,Y,, Y. .. Y,

Since each compressive measurement Y* is acquired for a
corresponding time t,, a set of compressive measurements
may take a certain duration of time to be captured (e.g., from
timet, to time t,, for compressive measurementsY, to Y*. As
all compressive measurements may represent the same scene,
if the object moves during the acquisition of the measure-
ments, the image or video reconstructed from these measure-
ments may not accurately capture the object, and the resulting
image or video may have undesirable artifacts such as blur-
ring.

Accordingly, in one aspect the reconstruction unit 135
determines the N-pixel image 140 using a reconstruction
basis matrix 150 that is generated and/or updated based on
motion data representing the motion of the object 110 relative
to the camera unit 115 during the time period from t, tot,in
which the compressive measurements 125 were acquired.
Thus, aspects of the disclosure advantageously may provide a
better reconstructed image, especially when the object moves
relative to the camera unit during the time the set of compres-
sive measurements are acquired. In one particular aspect, the
reconstruction basis matrix 150 is generated by updating or
modifying one or more of the compressive bases by, b,, .. .b,,
of the compressive basis matrix 120 based on the relative
motion of the object 110 to the camera unit 115.

The reconstruction basis matrix 150 that is generated or
updated compensates for the relative motion of the object 110
to the camera unit 115 during one or more of the time periods
from time t, to t,, when the compressive measurements Y,
Y,,Y;. .. Y, are acquired. The reconstruction basis matrix
150 which takes the object motion into account is used by the
reconstruction unit to uncompress the M compressive mea-
surements into N-pixel values I, I, I5. . . I, of the recon-
structed image 140, which may then be converted, for
example, into a two dimensional format to realize a two-
dimensional image of the object 110 that is suitable for view-
ing on a display, printing, or further processing.

Turning now to the process 300 of FIG. 3, in step 302 the
process includes determining motion during the one or more
time periods for the acquisition of the compressive measure-
ments. The motion may be determined based on a change in
position of the object 110 relative to the camera unit 115 from
an initial position(s) to a new position(s) during any one or
more time instances t, to t,, in which the compressive mea-
surements Y,,Y,, Ys. .. Y, were generated. The determina-
tion that the position of the object 110 changed relative to the
camera unit 15 in one or more time periods when the com-
pressive measurements 125 were acquired using the compres-
sive basis matrix 220 may be made in several ways.

In some embodiments, the determination of the motion
may be based on panning/tilting motion data received from
the camera unit 115, where the camera unit pans (and/or tilts)
during the acquisition of the compressive measurements. In
some embodiments, the determination of the motion may be
made based on motion data indicating the rotation of the earth
(e.g., where the object 110 is an astronomical object such as
the moon, or a satellite with a known trajectory with respect to
the earth or another body). In some embodiments, the deter-
mination of the motion may be made based on data provided
by one or more sensors (e.g., gyroscopes, accelerometers, or
other passive or active sensors) that are located on or in
proximity to the object 110 or the camera unit 115, or based
on other predetermined or manually provided information. As
in the case of the compressive measurements 125 represent-
ing compressed image of the object 110, the motion data may
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be stored (or transmitted) by a storage/transmission unit 130
for further or later processing.

In step 304, the process includes determining the degree of
the motion determined during the one or more of the time
periods for the acquisition of the compressive measurements
in step 302. In some embodiments, the degree of motion may
be determined from the motion data as the magnitude of the
change in the position of the object 110 in one or more
directions relative to the camera unit 115 during a given
period of time (e.g., between times t,_ ;, and t,, where
(k€ [1...M])). The motion data may indicate, for example,
that the position of the object 110 changed relative to the
camera unit 115 from an initial position i(k-1),j(k-1) at time
t,_, to anew position i(k),j(k) at time t,, where (kE[1...M])
during which respective compressive measurements Y,
and Y 4, were generated. The degree of motion for the time
durationt,_, tot, may then be determined as, for example, the
distance d,(k)=i(k-1)-i(k) and d(k)=j(k-1)-j(k) using Car-
tesian coordinates.

In step 306, the process includes determining a kernel
matrix based on the degree of motion determined in step 304.
For example, a NxN kernel matrix K(k) may be defined such
that, if the one dimensional representation of the image 140 is
denoted as an array I having a number N values, then K(k)-I
represents shifting the position of the object 110 by d,(k),d,(k)
to compensate for the motion of the object 110 during the
given time t,_; and t,. In other words, if the object 115 is at
position i(k),j(k) in I, then the kernel matrix K(k) is deter-
mined such that the position of the object 115 is shifted to the
initial (or previous) position i(k-1),j(k-1) in K(k)-I.

Step 306 may be reiterated to determine a series of kernel
matrices K(k) for different times t,_, and t, during which the
object 110 moves (or continues to move) relative to the cam-
era unit 115 when respective compressive measurements
Y 1y and Y, acquired. For example, a first kernel matrix
K(1) may be determined based on the determined change of
the position of the object 115 between time t; when 'Y, was
acquired and time t, when Y, was acquired. Subsequently, a
second kernel matrix K(2) may be determined based on the
determined change of the position of the object 115 between
time t, when Y, was acquired and time t; when Y; was
acquired, and so on. As a result, a series of kernel matrices
K(k) may be determined in step 306 for k=234, ... M.

In step 308, the process includes generating the reconstruc-
tion basis matrix 150 using the series of kernel matrices that
are determined in step 306 based on the determined motion of
the object 110 relative to the camera unit 115. In one aspect,
the reconstruction basis matrix 150 is generated based on the
compressive basis matrix 120 that was used to generate the
compressive measurements 125 as follows.

Assuming that the compressive basis matrix 120 that was
used to generate the compressive measurements 125 is
expressed as:

b1l bi[2] bi[N]
b2(1]  b2[2] ba[N]
B=| bs[1] bs5[2] b3[N]
by (1] by (2] ... bu[N]

the reconstruction basis matrix R may be generated (or
updated) based on the compressive basis matrix B as:
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b1l hif2] ... bi[N]
r2[1] (2] ... nr[N]

R=| [l r3[2] ... rs[N] |,
ry (1] rul2] ... ry[N]

where 1, is determined as the matrix product:

rk:kapzsz(p), or equivalently

ro=b K(2),r=r_ K(k),k=3,... ,Mand,

where it is assumed that the object 110 moves relative to the
camera unit 115 during the entire duration in which the com-
pressive measurements Y, Y,, Y;. .. Y,,were acquired using
each of the compressive bases b, b,, . .. b,

It will be noted that in other embodiments, where, for
example, the object does not move relative to the camera unit
when a particular basis b, is used to produce Y, r, may be the
same as b,. In other words, in some embodiments, the recon-
struction basis matrix R differs from the compressive basis
matrix B with respect to those compressive bases which were
applied duration of the objects movement relative to the cam-
era unit 115, while remaining the same with respect to the
other compressive bases. In such instances the kernel matrix
that is constructed for a corresponding time duration for
which it is determined that there was no relative motion of the
object may be an NxN identity matrix.

In step 310, the reconstruction basis matrix 150 that is
generated in step 308 is used to generate an image 140 of the
object 110 from the compressive measurements 125. For
example, in one embodiment, the image 140 may be deter-
mined in matrix form as:

min||W - /||, subject to:

Yy I
Y I
Y3 |=R-| 55
Yu Iy

where W is a sparsifying operator, 1 is the one-dimensional
matrix representation of the N valued image 140, R is the
reconstruction basis matrix generated in step 308, andY,,Y,,
Y, .. .Y, are the compressive measurements 125 acquired
using the compressive basis matrix 120. The sparsifying
operator may be generated, for example, by using wavelets, or
by using total variations.

The process described above may be repeated to generate
or update the reconstruction basis matrix to compensate for
relative motion of the object to the camera for one or more of
a series of images or (frames of a video) that are reconstructed
from different sets of compressive measurements over a
period of time. It is to be understood that the steps described
above are merely illustrative and that existing steps may be
modified or omitted, additional steps may be added (e.g., the
step of determining a compressive basis matrix and the step of
determining compressive measurements using the compres-
sive basis matrix), and the order of certain steps may be
altered.

It will be appreciated that one or more aspects of the dis-
closure may be implemented using hardware, software, or a
combination thereof. FIG. 4 depicts a high-level block dia-
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gram of an example processing device or apparatus 400 suit-
able for implementing one or more aspects of the disclosure.
Apparatus 400 comprises a processor 402 that is communi-
catively interconnected with various input/output devices 404
and a memory 406.

The processor 402 may be any type of processor such as a
general purpose central processing unit (“CPU”) or a dedi-
cated microprocessor such as an embedded microcontroller
or a digital signal processor (“DSP”). The input/output
devices 404 may be any peripheral device operating under the
control of the processor 402 and configured to input data into
or output data from the apparatus 400 in accordance with the
disclosure, such as, for example, a lens or lensless camera or
video capture device. The input/output devices 404 may also
include conventional network adapters, data ports, and vari-
ous user interface devices such as a keyboard, a keypad, a
mouse, or a display.

Memory 406 may be any type of memory suitable for
storing electronic information, including data and instruc-
tions executable by the processor 402. Memory 406 may be
implemented as, for example, as one or more combinations of
arandom access memory (RAM), read only memory (ROM),
flash memory, hard disk drive memory, compact-disk
memory, optical memory, etc. In addition, apparatus 400 may
also include an operating system, queue managers, device
drivers, or one or more network protocols which may be
stored, in one embodiment, in memory 406 and executed by
the processor 402.

The memory 406 may include non-transitory memory stor-
ing executable instructions and data, which instructions, upon
execution by the processor 402, may configure apparatus 400
to perform the functionality in accordance with the various
aspects and steps described above. In some embodiments, the
processor 402 may be configured, upon execution of the
instructions, to communicate with, control, or implement all
or a part of the functionality with respect to the acquisition or
the reconstruction of the compressive measurements as
described above. The processor may be configured to deter-
mine or receive motion data, process the motion data to gen-
erate one or more kernel matrices, and to generate the recon-
struction basis matrix based on the kernel matrices as
described above.

In some embodiments, the processor 402 may also be
configured to communicate with and/or control another appa-
ratus 400 to which it is interconnected via, for example a
network. In such cases, the functionality disclosed herein
may be integrated into each standalone apparatus 400 or may
be distributed between one or more apparatus 400. In some
embodiments, the processor 402 may also be configured as a
plurality of interconnected processors that are situated in
different locations and communicatively interconnected with
each other.

While a particular apparatus configuration is shown in FI1G.
4, it will be appreciated that the present disclosure not limited
to any particular implementation. For example, in some
embodiments, all or a part of the functionality disclosed
herein may be implemented using one or more application
specific integrated circuits (ASICs), field programmable gate
arrays (FPGAs), or the like.

Although aspects herein have been described with refer-
ence to particular embodiments, it is to be understood that
these embodiments are merely illustrative of the principles
and applications of the present disclosure. It is therefore to be
understood that numerous meodifications can be made to the
illustrative embodiments and that other arrangements can be
devised without departing from the spirit and scope of the
disclosure.
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The invention claimed is:

1. A compressive sense imaging system, the system com-
prising:

a processing device configured to:

determine at least one kernel matrix based on relative
motion of an object during a time period correspond-
ing to acquisition of at least one of a plurality of
compressive measurements representing a com-
pressed image of the object;

determine a reconstruction basis matrix to compensate
for the relative motion of the object during the time
period based on the at least one kernel matrix; and,

generate an uncompressed image of the object from the
plurality of compressive measurements using the
reconstruction basis matrix.

2. The compressive sense imaging system of claim 1,
wherein the processing device is further configured to:

determine the reconstruction basis matrix by applying the

at least one kernel matrix to at least one basis of a
compressive basis matrix used to acquire the compres-
sive measurements.

3. The compressive sense imaging system of claim 1,
wherein the processing device is configured to:

determine the at least one kernel matrix such that a matrix

operation between the at least one kernel matrix and a
one-dimensional representation of the uncompressed
image represents shifting the position of the object in the
one-dimensional representation of the uncompressed
image to a previous position of the object based on the
relative motion of the object.

4. The compressive sense imaging system of claim 1,
wherein the processing device is further configured to:

determine the relative motion of the object during the time

period based on motion data from one or more sensors.

5. The compressive sense imaging system of claim 4,
wherein the processing device is further configured to:

determine a degree of the relative motion of the object

during the time period based on the motion data.

6. The compressive sense imaging system of claim 4,
wherein the processing device is further configured to:

determine the at least one kernel matrix using the deter-

mined degree of relative motion of the object.

7. The compressive sense imaging system of claim 1,
wherein the processing device is further configured to:

apply a sparsifying operator to generate the image of the

object from the plurality of compressive measurements
using the reconstruction basis matrix.

8. The compressive sense imaging system of claim 1, fur-
ther comprising:

a camera unit configured to acquire the plurality of com-

pressive measurements.

9. The compressive sense imaging system of claim 8,
wherein the camera unit is a lensless camera unit.

10. The compressive sense imaging system of claim 8,
wherein the camera unit comprises an array of selectable
aperture elements and a detector, and wherein the processing
device is further configured to:

selective enable or disable one or more of the aperture

elements of the array based on at least one basis in a
compressive basis matrix to acquire at least one of the
plurality of compressive measurements during the time
period, the at least one of the plurality of compressive
measurements being determined based on an aggregated
sum of light detected by the detector during the time
period.

10

15

20

25

30

35

40

45

50

55

60

12

11. A method for compressive sense imaging, the method
comprising:

determining, using a processor, at least one kernel matrix
based on relative motion of an object during a time
period corresponding to acquisition of at least one of a
plurality of compressive measurements representing a
compressed image of the object;

determining a reconstruction basis matrix to compensate
for the relative motion of the object during the time
period based on the at least one kernel matrix; and,

generating an uncompressed image of the object from the
plurality of compressive measurements using the recon-
struction basis matrix.

12. The method of claim 11, wherein:

determining the reconstruction basis matrix further
includes applying the at least one kernel matrix to at least
one basis of a compressive basis matrix used to acquire
the compressive measurements.

13. The method of claim 11, wherein:

determining the at least one kernel matrix includes deter-
mining the at least one kernel matrix such that a matrix
operation between the at least one kernel matrix and a
one-dimensional representation of the uncompressed
image represents shifting the position of the object in the
one-dimensional representation of the uncompressed
image to a previous position of the object based on the
relative motion of the object.

14. The method of claim 11, further comprising:

using motion data from one or more sensors for determin-
ing the relative motion of the object during the time
period.

15. The method of claim 14, further comprising:

determining a degree of the relative motion of the object
during the time period using the motion data.

16. The method of claim 15:

using the determined degree of relative motion of the
object for determining the at least one kernel matrix.

17. The method of claim 11, further comprising:

applying a sparsifying operator for generating the image of
the object from the plurality of compressive measure-
ments using the reconstruction basis matrix.

18. The method of claim 11, further comprising:

acquiring the plurality of compressive measurements using
a compressive basis matrix during the time period.

19. The method of claim 18, further comprising:

determining an aggregated sum of light output by a detec-
tor for acquiring at least one of the plurality of compres-
sive measurements by enabling or disabling one or more
aperture elements of an aperture array based on at least
one basis in the compressive basis matrix during the time
period.

20. A non-transitory computer-readable medium including

one or more instructions for configuring a processor for:

determining at least one kernel matrix based on relative
motion of an object during a time period corresponding
to acquisition of at least one of a plurality of compressive
measurements representing a compressed image of the
object;

determining a reconstruction basis matrix to compensate
for the relative motion of the object during the time
period based on the at least one kernel matrix; and,

generating an uncompressed image of the object from the
plurality of compressive measurements using the recon-
struction basis matrix.
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